For the past several years, all women with epithelial ovarian cancer have been treated identically, whether in a clinical trial or off protocol. Over the past decade, we have come to appreciate the magnitude of the heterogeneity of ovarian cancer. The development of the binary grading system for serous carcinoma was a major advance, leading to separate clinical trials for patients with this subtype, originating from the Gynecologic Oncology Group's Rare Tumor Committee. The mitogen-activated protein kinase (MAPK) pathway appears to play a prominent role in the pathogenesis of this subtype. Approximately 20% to 40% of low-grade serous carcinomas have a KRAS mutation, while BRAF mutations are rare-approximately 5%. In genomic profiling studies, these tumors appear to cluster with serous tumors of low malignant potential. Compared with high-grade serous carcinomas, low-grade serous carcinomas are also characterized by a low frequency of p53 mutations, greater expression of ER and PR, and greater expression of PAX2 and IGF-1. Primary treatment of low-grade serous carcinoma includes surgery plus platinum-based chemotherapy (either adjuvant or neoadjuvant). Clinical behavior is characterized by young age at diagnosis, relative chemoresistance, and prolonged overall survival. Current options for treatment of relapsed disease include secondary cytoreduction in selected patients, salvage chemotherapy, or hormone therapy. A recently completed trial of a MEK inhibitor for women with recurrent disease demonstrated promising activity. Future directions will include further investigations of the molecular biology and biomarkerdriven clinical trials with targeted agent monotherapy and combinations.
O ver the past decade, it has become increasingly clear that ovarian cancer is not one but several distinct entities. Even today, the vast majority of ovarian cancer clinical trials include women with all histologic subtypes. Such is true in both the front-line and the recurrent settings. However, advances in our understanding of the heterogeneity of ovarian cancer have emerged on the basis of refınement of pathologic diagnostic criteria, molecular biology and genetic investigations, and reports of hypothesis-generating clinical studies.
Specifıcally, for low-grade serous carcinoma of the ovary, the confluence of two major factors-reports of the binary grading system for serous carcinoma 1,2 and the establishment of the Gynecologic Oncology Group's Rare Tumor Committee in 2005-has led to a widespread recognition of this histologic subtype and to the dawn of separate clinical trials for women diagnosed with this rare entity. The principle of separate clinical trials for major rare histologic subtypes of ovarian cancer-clear cell carcinoma, mucinous carcinoma, and low-grade serous carcinoma-was subsequently validated in two consensus conferences. 3, 4 Based on initial studies, it is estimated that approximately 10% of serous carcinomas are low-grade. Most are metastatic at diagnosis. Low-grade serous carcinoma may arise de novo or as a recurrence after a diagnosis of a serous tumor of low malignant potential with peritoneal implants. [5] [6] [7] [8] Of the serous tumors of low-malignant potential that recur, approximately 75% to 80% do so as a low-grade serous carcinoma. 5, 8 In addition, serous tumor of low malignant potential is found coexisting in approximately 60% of newly diagnosed lowgrade serous carcinomas. 1 Furthermore, comparison of newly diagnosed low-grade serous carcinoma and serous tumors of low malignant potential has indicated that the age at diagnosis, the overall survival time, and the progression-free survival (PFS) time of stages II-IV low-grade serous carcinoma of the ovary are similar to those of serous ovarian tumors of low malignant potential that recur as low-grade serous carcinoma (measured from the diagnosis of relapse). 9 Thus, these two tumor types-serous tumor of low malignant potential and low-grade serous carcinoma-appear to exist on a continuum. This article will discuss the unique features of low-grade serous carcinoma of the ovary in terms of its histologic characteristics, molecular biology, and clinical behavior. ovary, no universal grading system has been accepted. [10] [11] [12] [13] After 15 years of experience and refınement, the MD Anderson group initially reported their experience with a two-tier grading system based primarily on the evaluation of nuclear atypia with mitotic rate as a secondary feature. 1 Within this system, tumors with mild to moderate nuclear atypia and a mitotic index of up to 12 mitoses per 10 high-power fıelds are classifıed as low-grade serous, while those tumors with marked nuclear atypia and a mitotic index of greater than 12 mitoses per 10 high-power fıelds are considered to be highgrade serous.
Seidman and colleagues evaluated the MD Anderson binary grading system for serous carcinoma, as well as another binary system developed at the Washington Hospital Center. 14 In this study, the authors found that the MD Anderson grading system was more predictive of survival and concluded that it was more promising. In evaluating the interobserver and intraobserver variability among seven gynecologic pathologists and two general surgical pathologists using the MD Anderson grading system, Malpica and colleagues observed that the binary grading system for serous carcinoma is easy to learn and very reproducible. 2 Bodurka and colleagues recently reported the fındings of a GOG ancillary study that further strengthened the fact that the MD Anderson binary grading system is more predictive of outcome than the grading system of the International Federation of Gynecology and Obstetrics (FIGO). 15 The authors retrospectively reviewed data of 290 patients with stage III serous carcinoma of the ovary treated with surgery plus paclitaxel/carboplatin chemotherapy on GOG protocol 158. Tumors had previously been classifıed by using the FIGO three-tier system. A panel of six gynecologic pathologists performed a blinded review to reclassify these tumors by using the binary grading system. Of 241 cases, both systems demonstrated substantial agreement when combining FIGO grades 2 and 3. However, by using the binary system, patients with low-grade serous carcinoma had signifıcantly longer progression-free survival than those with high-grade serous carcinoma. Furthermore, in multivariate analysis, there was no difference in clinical outcome in patients with grade 2 or 3 tumors using the FIGO system. The authors concluded that the binary grading system provides a more precise framework for predicting clinical outcomes in this patient cohort.
Vang and colleagues have also conducted studies that are supportive of the binary grading system for serous carcinoma. 16 They found that subclassifıcation of high-grade serous carcinoma of the ovary or peritoneum into grade 2 or grade 3 carcinomas using the FIGO grading system was not relevant. And Hannibal and associates, using the Danish Pathology Data Bank, evaluated 4,317 ovarian serous carcinomas. 17 They also concluded that a binary grading system is a signifıcant predictor of survival in ovarian serous carcinoma.
Thus, just over the past few years, the MD Anderson binary grading system for ovarian serous carcinoma has been embraced by expert gynecologic pathologists world-wide as an advance in the prediction of outcome. Concomitantly, as we learn more about the clinical behavior of low-grade serous carcinoma in contrast to its high-grade counterpart, treatment recommendations have begun to diverge, as discussed below.
MOLECULAR BIOLOGY AND GENETICS OF LOW-GRADE SEROUS CARCINOMA OF THE OVARY
Over the past decade, investigations of the molecular biology of low-grade serous carcinoma have not only strengthened evidence for the relationship between serous tumors of low malignant potential and low-grade serous carcinoma but also have underscored the observation that the mitogen-activated protein kinase (MAPK) pathway plays a prominent role in its pathogenesis. In the initial report of the relationship with the MAPK pathway, Singer and colleagues analyzed 182 ovarian tumors, including 51 serous ovarian tumors of low malignant potential and 21 low-grade serous carcinomas (to use the authors' term, "invasive micropapillary serous carcinoma"). 18 KRAS mutations were reported in 33% of serous tumors of low malignant potential and in 35% of low-grade serous carcinomas, and BRAF mutations were found in 28% and 33%, respectively. Furthermore, BRAF and KRAS mutations were mutually exclusive, and no such mutations were found in high-grade serous carcinomas.
In a subsequent report, the MD Anderson research team analyzed 30 serous tumors of low malignant potential, 43 low-grade serous carcinomas, and 18 high-grade serous carcinomas. 19 Although the authors observed a KRAS mutation frequency of 19% in the low-grade serous carcinomas, only one specimen (2%) harbored a BRAF mutation. In addition, they concluded that the low frequency of BRAF mutations in advanced stage low-grade serous carcinomas, which contrasted with previous reports, suggested that low-grade serous carcinomas are more likely derived from serous tumors of low malignant potential without BRAF mutation and that
KEY POINTS
⅐ Development of a binary grading system for serous carcinoma of the ovary has facilitated the concept of separate clinical trials for this rare subtype, which were initially activated by the Gynecologic Oncology Group (GOG). ⅐ Low-grade serous carcinoma of the ovary is associated with a 20% to 40% frequency of KRAS mutations, a 5% frequency of BRAF mutations, and a very high rate of ER and PR positivity. ⅐ Low-grade serous carcinoma is characterized by high rate of metastatic disease at diagnosis (stage II-IV), young age, relative chemoresistance, and prolonged overall survival. ⅐ Current options for primary treatment include surgery plus chemotherapy (either adjuvant or neoadjuvant). ⅐ Options for therapy in the relapsed setting include chemotherapy, hormonal agents (aromatase inhibitors, tamoxifen, leuprolide acetate), or clinical trials with targeted agents-particularly MEK inhibitors.
advanced stage low-grade serous carcinoma patients with BRAF mutation have a better clinical outcome. A recent article, in which 56 serous tumors of low malignant potential and 19 low-grade serous carcinomas were analyzed, confırmed the MD Anderson fındings. 20 Although the BRAF mutation frequency was 45% in the serous tumors of low malignant potential, only a single case (5.3%) of low-grade serous carcinoma had a BRAF mutation. Furthermore, the fındings suggested that the presence of a BRAFV600E mutation is associated with early-stage disease and improved prognosis in serous tumors of low malignant potential and low-grade serous carcinomas. Interestingly, none of the 22 patients who received chemotherapy had BRAF mutant tumors. Genomic profıling studies have also indicated that lowgrade serous carcinomas segregate from high-grade serous carcinomas but are similar to serous tumors of low malignant potential. [21] [22] [23] Bonome and colleagues found that the majority of low-grade serous carcinomas clustered with serous tumors of low malignant potential. 23 They also noted that pathways present in high-grade tumors-cell-cycle progression, cellular proliferation, and chromosomal instabilitywere absent in both low-grade serous types.
Several other studies have characterized the molecular biology and genetics of low-grade serous carcinoma. Compared with high-grade serous carcinomas, low-grade tumors have a much lower frequency of p53 mutations or p53 expression, 24, 25 greater expression ER and PR, 26 greater expression of PAX2, 27 overexpression of anterior gradient homolog 3 (AGR3), 28 and overexpression of IGF-1. 29 
CLINICAL BEHAVIOR AND TREATMENT OF LOW-GRADE SEROUS CARCINOMA OF THE OVARY Newly Diagnosed Low-Grade Serous Carcinoma
Primary surgery. There is no evidence to date that indicates that the primary surgical management of low-grade serous carcinoma is different from that of ovarian cancer in general. Options include primary surgery-comprehensive surgical staging for apparent early-stage disease or maximum cytoreductive surgery for advanced-stage disease-or interval debulking surgery following neoadjuvant chemotherapy for select patients with apparent unresectable disease or signifı-cant comorbidities.
Postoperative therapy. Evidence to date suggests that lowgrade serous carcinoma is relatively resistant to fırst-line chemotherapy on the basis of the metrics that we have available. 30, 31 In a review of 112 patients with newly diagnosed stage II-IV low-grade serous carcinoma of the ovary treated with primary surgery and platinum-based chemotherapy, it appeared that treatment was not as successful as expected on the basis of the high frequency of persistent disease at completion of therapy and low negative second-look rate. 30 Of note as well, the median age of patients was only 43 years, and the median overall survival was 82 months. This relative chemoinsensitivity was also observed in a review of women who received neoadjuvant chemotherapy for advanced stage low-grade serous carcinoma. 31 In this report, despite the fact that half of evaluable patients had a greater than 50% reduction in serum CA 125 levels after neoadjuvant chemotherapy, only one patient had an objective response by imaging assessment. One of the questions raised by these observations is whether our standard parameters for evaluation of response-serial imaging and CA 125-are adequate to determine outcome. Currently, although there are legitimate concerns about the effıcacy of chemotherapy as standard fırst-line therapy, a potentially better alternative is not immediately evident.
Recurrent Low-Grade Serous Carcinoma
Secondary surgery. Secondary cytoreductive surgery may be indicated for selective patients with recurrent low-grade serous carcinoma-either following an original diagnosis of serous tumor of low malignant potential or advanced-stage low-grade serous carcinoma. Of course, as with all subtypes of ovarian cancer, supporting evidence for this subtype is retrospective. Based on current information, optimal candidates include those with platinum-sensitive disease and a limited number of recurrent sites (in contradistinction to patients with carcinomatosis).
Crispens and colleagues reported 35 patients with recurrent low-grade serous carcinoma after a diagnosis of serous tumor of low malignant potential who underwent 48 procedures. 5 Patients who had suboptimal residual tumor were more likely to die of disease than those with optimal residual tumor. Likewise, Bristow and colleagues observed signifı-cantly better survival in patients who had optimal secondary surgical resection compared with those who did not. 32 Chemotherapy. Similar to observations in the fırst-line setting, recurrent low-grade serous carcinoma appears to be relatively chemoresistant. Of 58 patients who received a total of 108 separate salvage chemotherapy regimens, the overall response rate was 3.7%. 33 However, stable disease was observed in 60% of patient-regimens. In addition, the median progression-free survival was about 7 months. Whether the high stable disease rate is more related to tumor biology or therapy remains unclear.
Hormone therapy. Gershenson and colleagues reported their experience with 64 women with recurrent low-grade serous carcinoma who received 89 separate hormone therapy regimens. 34 The overall response rate was 9%, and the stable disease rate was 61%. The median progression-free survival was 7.4 months. Moreover, patients whose tumors were ERϩ/ PRϩ had a longer median time to progression (8.9 months) than those with ERϩ/PR-tumors (6.2 months). However, this difference approached but did not reach statistical significance. Hormonal agents that have demonstrated some degree of activity include the aromatase inhibitors, tamoxifen, and leuprolide acetate.
Targeted therapy. Based on the observations that low-grade serous carcinomas may be related to driver mutations in the MAPK pathway, agents that target this pathway are of great interest. In the initial study of this type, Farley and colleagues recently reported the results of a GOG phase II trial of selumetinib, a MEK 1/2 inhibitor, in 52 women with recurrent low-grade serous carcinoma. 35 The response rate was 15%, and 65% of patients had stable disease. Median PFS was 11 months. Good quality formalin-fıxed paraffın-embedded tissue was available in 34 patients and underwent mutational analysis. Two (6%) tumors had BRAF mutations, and 14 (41%) had KRAS mutations. However, there was no correlation between tumor response and mutational status. Table 1 compares the results of this GOG trial with historic information regarding treatment with chemotherapy or hormone therapy. Currently, an international randomized phase II/III study of another MEK inhibitor, trametinib, compared with standard therapy is under development for women with recurrent low-grade serous carcinoma. Embedded in this trial is a much more robust translational research component that will hopefully link outcome to mutational status. In addition, preclinical studies suggest that dual blockade of the MAPK and PI3K/AKT pathways may result in greater effıcacy.
CONCLUSION
The study of low-grade serous carcinoma of the ovary has been greatly facilitated by development of a binary grading system. Consequently, a major advance over the past few years has been the initiation of separate clinical trials for this subtype. Chemotherapy has limited benefıt against this tumor type but remains the standard for treatment of primary disease. In the recurrent setting, options include chemotherapy, hormone therapy, or targeted agents. Over the next several years, biomarker-driven clinical trials should increase our ability to achieve our goal of personalized cancer medicine.
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